Introduction
============

The corneal epithelium is continuously generated to replenish the aged cells that are lost as a result of normal shedding. Due to the cornea's anatomic location, the cornea surface is frequently subjected to trauma by environmental factors leading to deepithelialization. An intact corneal epithelium is essential for maintaining good vision and protecting against infection. Healing of epithelial wounds in a healthy cornea occurs relatively quickly. However, several factors such as disease state, recurrent erosion, and persistent defects contribute to the poor healing response of the cornea. Providing an environment that enhances epithelial cell proliferation as well as survival is important to overcome delays in healing. Regeneration of the epithelium requires the participation of several entities, including extracellular matrix proteins and growth factors that collectively promote cell adhesion, migration, and proliferation processes \[[@r1]-[@r5]\]. To facilitate healing, several intracellular signaling cascades activated in varying degrees by growth factors coordinate cell migration, adhesion, and proliferation processes \[[@r6]\]. In response to injury, several growth factors are released from the stroma and lacrimal gland \[[@r7]-[@r13]\]. Two paracrine growth factors, hepatocyte growth factor (HGF) and keratinocyte growth factor (KGF), have been shown to influence corneal epithelial cell metabolism \[[@r14]-[@r16]\]. Our laboratory has been investigating various aspects associated with HGF- and KGF-activated signaling in the cornea and the contribution of these signaling cascades to wound healing. Our previous studies and other reports showed that HGF and KGF activate signal mediators phosphatidylinositol 3-kinase (PI-3K)/Akt, p70S6K, and Erk \[[@r17]-[@r23]\]. However, it is not clear why these growth factors trigger the activation of the same intracellular signaling cascades to stimulate healing or whether corneal epithelial cells prefer one growth factor over the other to promote different cellular processes involved in wound repair.

Intracellular signaling cascades activated by growth factors trigger the activity of nuclear transcription factors. They promote cell division by exerting their control over the cell cycle \[[@r24]-[@r28]\]. Specific interactions between various proteins known as cyclins, cyclin-dependent kinases (CDKs), and cyclin-dependent kinase inhibitors (CDKIs) facilitate the passage of cells through the G1, S, G2, and M phases of the cell cycle for its continued propagation \[[@r29]-[@r31]\]. Although HGF- and KGF-mediated stimulation of corneal epithelial cells leads to simultaneous activation of signaling pathways such as PI-3K, p70S6K, and Erk \[[@r17]-[@r19]\], the impact of their activation on downstream targets that control the cell cycle is not well understood. The specific effect of HGF and KGF on corneal epithelial cell cycle regulating proteins has not been investigated. Furthermore, previously we found that HGF can rescue epithelial cells from apoptosis \[[@r32]\], but a role for KGF in corneal epithelial cell survival has not yet been identified. Factors that upregulate cell survival and cell cycle progression could influence the rate of wound healing. Better understanding of these mechanisms regulated by growth factors would aid in developing new therapeutic strategies. In this study, we investigated the effects of HGF and KGF on the expression of the corneal epithelial cell cycle controlling machinery under normal growth and an apoptosis-inducing environment. We also evaluated their ability to rescue the cells from apoptosis. Our studies revealed that compared to HGF, KGF exhibits longer-lasting influence on corneal epithelial cell survival and cell growth as well as on the regulation of levels of apoptosis and cell cycle controlling proteins that include p53, poly(adenosine diphosphate-ribose) polymerase (PARP), retinoblastoma protein (Rb), cyclins, CDKs, and cell cycle inhibitor p27^kip^.

Methods
=======

Materials
---------

Polyclonal or monoclonal antibodies for antip21^cip^, antip27^kip^, and phospho Akt (pAkt) were purchased from Upstate Biotechnology (Billercia, MA). Recombinant human HGF and KGF were purchased from R&D Systems (Minneapolis, MN). Antimouse and antirabbit horseradish peroxidase-conjugated secondary antibodies were procured from BD Pharmingen (San Diego, CA). The biotinylated protein markers kit was from New England Bio Labs (Beverly, MA). Rabbit polyclonal antibodies for cyclins A, D, and E and CDK2, CDK4 Rb, and monoclonal antibody for Erk and actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal anti-PARP and anti-p53 antibodies were procured from Cell Signaling Technology Inc. (Boston, MA) and Zymed Laboratories Inc. (San Francisco, CA) respectively.

Epithelial cell culture
-----------------------

Fresh rabbit eyeballs (Pelfreeze Biologicals, Rogers, AR) were used to prepare the corneal epithelial primary cultures \[[@r17]\]. Rabbit corneal primary epithelial (RCPE) cells were cultured in Dulbecco's modified Eagle medium with Ham's F-12 (DMEM/F-12; Life Technologies, Grand Island, NY) containing 10% fetal calf serum (FCS; Atlanta Biologicals, Lawrenceville, GA), and first passage cells were used in all experiments as in previously published studies \[[@r32],[@r33]\]. Cultures grown to 80%--90% confluence were starved overnight in DMEM/F12 containing 0.25% FCS before treatment with various stimulators or inhibitors as indicated in the results.

Induction of apoptosis
----------------------

Apoptosis was induced in corneal epithelial cells with staurosporine (10 ng/ml) as reported earlier and described below \[[@r32]\]. Staurosporine activates the apoptotic death pathway by affecting the mitochondrial metabolism and is widely used to induce apoptosis in cells. Epithelial cells (90% confluent) were starved overnight (12--16 h) before incubation with staurosporine in DMEM/F12 containing 0.25% FCS for 2 h. Then the medium was removed, and the cells were washed with the same medium without staurosporine and incubated for an additional 2, 8, or 22 h. Next, cultures were analyzed for the presence of apoptotic cells or subjected to analysis for DNA fragmentation as described below.

Hoechst fluorescent staining and quantification of apoptotic cells
------------------------------------------------------------------

Hoechst 33,258 (Molecular Probes, Eugene, OR) stain was used to detect apoptotic cells in live cultures by fluorescence imaging as previously published \[[@r32],[@r34]\]. The protocol of the method is as follows. Cell cultures were washed with phosphate buffer (potassium phosphate monobasic and sodium phosphate dibasic) saline (0.09% sodium chloride, pH 7.4) twice and incubated with 2 μM Hoechst at 37 °C in darkness. After 1 h incubation, the staining solution was removed and cells were washed two times with PBS and the cultures were visualized under the microscope. When taken up by living cells undergoing apoptosis, the dye stains the cell nucleus and manifests bright blue fluorescence whereas normal cell nucleus staining produces a dull blue background. The stained cells emitting fluorescence were visualized in a Zeiss-Axiovision (Oberkochen, Germany) inverted microscope using an ultraviolet (UV) cube. All the images were captured with the same settings using a Zeiss-Axiocam MRC 5 color camera fitted to the microscope. For each experimental condition, images of five to eight different visual fields covering the entire culture dish were taken for analysis and quantification. All the images were processed to count the apoptotic and nonapoptotic cells with the Zeiss-Axiovision 4.1 software program with a fixed set of values for brightness and contrast adjustment. The average cell counts for all images taken from each culture dish for each condition are presented in the results.

Separation of epithelial cell deoxyribonucleic acid and ladder assay
--------------------------------------------------------------------

To determine apoptosis, DNA was isolated from RCPE extracts using a Genomic DNA purification Kit (Promega Corp, Madison, WI) as previously performed \[[@r32],[@r34]\]. Briefly, medium from the cell cultures of the apoptosis experiments was removed, and the cells were detached by trypsinization followed by centrifugation. The medium collected before the trypsin treatment was also centrifuged to collect sloughed-off apoptotic cells during the course of the experiment and combined with the cells obtained after the trypsin treatment. The cell nuclei were lysed with nuclear lysis solution. The lysates were treated with DNase-free RNase (Promega; 3 μg) at 37 °C for 15 min. The cellular proteins were then removed by salt precipitation. The DNA was finally precipitated with isopropanol and washed once with 70% ethanol. The DNA was dissolved in 10 mM Tris-HCl buffer (pH 7.4) containing 1 mM EDTA, and the concentration was determined at 260 nm with spectrophotometry. The purified DNA was subjected to agarose (1.8%) gel electrophoresis and the characteristic breakdown/fragmentation of the chromatin was visualized with a UV light after the gel was stained with ethidium bromide. Approximately 4--5 µg DNA was loaded in each sample well. A 100 bp DNA ladder was used as the standard. The approximate quantity of the DNA degradation products formed in each experimental condition was measured with image analysis using the NIH Image J software program. The areas under the peaks present in the integration curves for each condition were added to obtain the total degradation products. Changes in DNA degradation under various conditions are expressed in percentages relative to that obtained with control condition, i.e., treated with staurosporine alone.

Preparation of cell extracts and western immunoblotting
-------------------------------------------------------

Epithelial cells from various experiments were extracted in lysis buffer (20 mM 2-\[4-(2-hydroxyethyl)piperazin-1-yl\]ethanesulfonic acid \[HEPES\], 2 mM Mg2+, 2 mM ethyleneglycol tetraacetic acid \[EGTA\], 2 mM sodiumorthovanadate, 2 mM dithiothreitol \[DTT\], 1 mM phenylmethylsulfonyl fluoride \[PMSF\], 0.1 mM leupeptin, 150 mM NaCl, 1% Triton X-100, and 0.5% NP-40) and centrifuged at 20,000 ×g for 30 min, and the supernatant was collected. All the operations were performed at 4 °C. The protein content of the extracts was determined with the Bio-Rad dye-binding method. The cell extracts (25--35 µg protein) were subjected to sodium dodecyl sulfate--polyacrylamide gel electrophoresis in 9%--15% gels. The proteins in the gels were transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat dry milk and then probed with specific antibodies as indicated in the results. The blots were incubated at room temperature with primary antibodies for 2 h, washed six times with TBS (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.05% Tween-20) and further incubated for 2 h with horseradish peroxidase-conjugated secondary antibodies. The membranes were treated with enhanced chemiluminescence reagent (GE-Amersham, Arlington Heights, IL). The protein bands of interest were identified after the membranes were exposed in the UVP-image analyzer or to X-ray film. Molecular sizes were determined by comparing with the mobility of biotinylated protein markers that were run simultaneously during electrophoresis. All protein extracts transferred to membranes were also blotted with antiactin to show the unchanged levels of actin, the housekeeping protein used during various experimental conditions.

Statistical analysis
--------------------

The results were analyzed with the Student *t* test or ANOVA for statistical significance and shown as mean±standard deviation (SD). A p value less than 0.05 was considered statistically significant.

Results
=======

Differential effects of hepatocyte growth factor and keratinocyte growth factor on corneal epithelial cell survival
-------------------------------------------------------------------------------------------------------------------

The staurosporine-induced apoptosis model was used to compare the cell survival capability of HGF and KGF. As described in our earlier studies \[[@r32]\], staurosporine produced significant apoptosis in corneal epithelial cells that is evidenced by the increase in intense Hoechst dye positive staining of nuclei due to DNA condensation ([Figure 1A](#f1){ref-type="fig"}, left panels). The percentage of apoptotic nuclei in the cultures increased from 5% to 50% between 4 and 24 h after staurosporine treatment ([Figure 1B](#f1){ref-type="fig"}). The presence of HGF or KGF (20 ng/ml) caused a significant decrease in staurosporine-induced apoptosis in the cultures after 10 h. The percentage of apoptotic cells present was 20% and 7% in the presence of HGF and KGF, respectively, whereas in the staurosporine alone condition, it was 37%. The decrease in apoptosis was larger with KGF than with HGF. Interestingly, by 24 h the effectiveness of HGF in rescuing the cells from apoptosis diminished considerably, while the cell-survival potential of KGF remained unaffected. The percentage of cells treated with HGF showing apoptosis staining was about 30% whereas with KGF it was only 10%. The distribution of apoptotic and normal cells under various conditions is presented in [Table 1](#t1){ref-type="table"}. The dead cells that slough off from culture plates as a consequence of apoptosis were not accounted for in this analysis, and the cell density of cultures in the absence of HGF or KGF was significantly low, specifically at the 24 h time point. The difference in the cell survival capability of HGF and KGF was also demonstrated by performing DNA laddering assays ([Figure 2](#f2){ref-type="fig"}). In the staurosporine-treated cultures, the amount of DNA breakdown leading to the characteristic ladder appearance due to varying sizes of breakdown products was clearly evident at 10 and 24 h. Similar to the Hoechst positive staining pattern, the presence of HGF and KGF reduced the amount of quantifiable DNA breakdown products by 10 h ([Figure 2A](#f2){ref-type="fig"}) to 5%--15% of what was observed with staurosporine ([Figure 2B](#f2){ref-type="fig"}). After 24 h, the HGF effect decreased almost completely, and the DNA breakdown was similar to that was found in the staurosporine alone condition, while the KGF influence in preventing DNA breakdown persisted. These results clearly show that HGF and KGF exhibit significant differences in their ability to protect corneal epithelial cells. Degradation of DNA or staining for apoptotic cells was not observed in control cultures that were not treated with staurosporine (data not shown).

![Hepatocyte growth factor (HGF)-- and keratinocyte growth factor (KGF)--mediated cell survival during staurosporine (STS)-induced apoptosis. Rabbit corneal primary epithelial (RCPE) cell cultures in Dulbecco's Modified Eagle Medium with Ham's F-12 (DMEM/F-12)/0.25% fetal calf serum (FCS) were pretreated with 20 ng/ml HGF or KGF for 30 min before STS was added. Cultures were further incubated in the presence of STS (10 ng/ml) for 2 h. Then the medium was removed, and fresh medium containing HGF or KGF but no STS was added, and incubation continued for an additional 2 to 22 h. The cultures were stained with Hoechst fluorescent nuclear staining reagent to visualize cells containing apoptotic nuclei as described in the Methods section, and images were captured (**A**). The number of apoptotic cells in each experimental condition was quantified and expressed as the percentage of total cells (apoptotic + normal; **B**). Data shown are mean±standard deviation (SD). \*p\<0.05, STS alone versus various treatments after 4 or 10 or 24 h.](mv-v20-24-f1){#f1}

###### Changes in the population of normal cells in corneal epithelial cultures treated with or without HGF or KGF during apoptosis

  **Time**   **Staurosporine**   **Staurosporine + HGF**   **Staurosporine + KGF**                       
  ---------- ------------------- ------------------------- ------------------------- ---------- -------- ----------
  **4 h**    126±49              1895±122                  65±20                     1875±252   56±6     2012±125
  **10 h**   696±229             1168±352                  394±120                   1795±109   285±65   1860±274
  **24 h**   535±89              539±134                   604±192                   1429±221   234±76   2021±105

Data presented are mean ± SD of 3--5 separate experimental samples (p\<0.05, staurosporine versus staurosporine + HGF, staurosporine + KGF).

![Hepatocyte growth factor (HGF)-- and keratinocyte growth factor (KGF)--mediated inhibition in deoxyribonucleic acid degradation and ladder formation during apoptosis. All treatments were performed as described in [Figure 1](#f1){ref-type="fig"}, and the isolated DNA from cultures, after various treatments, was subjected to agarose gel electrophoresis for DNA ladder assay (**A**). Quantification of DNA breakdown products shown in A (bands 1--5) was performed by integrating areas under different peaks, corresponding to bands 1 to 5 as depicted in the chart (**B**). The x-axis indicates the base pair sizes of the DNA breakdown products. The experiments were repeated once with similar.](mv-v20-24-f2){#f2}

Cell cycle inhibitor p27^kip^ levels upregulated during apoptosis
-----------------------------------------------------------------

Cells that enter the G0 phase when the cell cycle is arrested either undergo differentiation or are eliminated by apoptosis. Changes in the cell cycle control mechanism that lead to cell cycle arrest could enhance apoptosis. To understand the molecular basis for the differences in the cell survival function of HGF and KGF, we analyzed the status of cell cycle inhibitors p27^kip^ and p21^cip^ in the cultures subjected to apoptosis. As shown in [Figure 3](#f3){ref-type="fig"}, there was a gradual increase in the p27^kip^ level with time that coincided with the onset of apoptosis. When compared to the controls, the level increased by about 200% at 10 h and close to 300% at 24 h after the staurosporine treatment. In contrast to the p27^kip^ response, staurosporine-induced apoptosis caused a significant decrease in p21^cip^ expression. These results indicate that susceptibility of corneal epithelial cells to apoptosis could be related to the increase in the p27^kip^ level that causes cell cycle arrest. Next, we examined the effect of HGF and KGF on the expression of p27^kip^ and p21^cip^ under normal growth conditions. HGF and KGF downregulated p27^kip^ expression in corneal epithelial cells ([Figure 4](#f4){ref-type="fig"}). However, the HGF-mediated effect on p27^kip^ expression was short lived (for 10 h) whereas the effect of KGF was sustained for a longer period (24 h). Interestingly, in the presence of HGF and KGF, the expression of p21^cip^ was not decreased; instead, its levels increased considerably ([Figure 3E](#f3){ref-type="fig"}).

![Changes in the levels of p27^kip^ and p21cip during apoptosis. **A**, **B**: Apoptosis was induced in rabbit corneal primary epithelial (RCPE) cell cultures with staurosporine (STS) as described in the Methods section. **E**: Subconfluent (80%--90%) RCPE cultures were starved overnight with Dulbecco's Modified Eagle Medium with Ham's F-12 (DMEM/F-12)/0.25% fetal calf serum (FCS) and then treated with 20 ng/ml HGF or KGF for 10 or 24 h. Levels of p27^kip^ and p21^cip^ in cellular extracts at different time points were determined with western immunoblotting using specific antibodies. Quantification of p27^kip^ and p21^cip^ levels in apoptosis cultures (**C**--**D**) and HGF- and KGF-treated cultures (**F**) was performed with densitometry. Data are representative of results obtained from three similar experiments. Data shown are mean±standard deviation (SD). \*p\<0.05, STS versus corresponding control at 10 or 24 h, \#p\<0.05, control versus HGF or KGF at 10 or 24 h.](mv-v20-24-f3){#f3}

![Downregulation of p27^kip^ expression by hepatocyte growth factor (HGF) and keratinocyte growth factor (KGF) during apoptosis. Rabbit corneal primary epithelial (RCPE) cell cultures in Dulbecco's Modified Eagle Medium with Ham's F-12 (DMEM/F-12)/0.25% fetal calf serum (FCS) were pretreated with 20 ng/ml HGF or KGF for 30 min before staurosporine (STS) was added. Cultures were further incubated in the presence of STS (10 ng/ml) for 2 h. Then the medium was removed, and fresh medium containing HGF or KGF but no STS was added, and incubation continued for 8 h (**A**) to 22 h (**B**). Levels of p27^kip^ in cellular extracts at different time points were determined with western immunoblotting using monoclonal p27^kip^ antibody and quantified with densitometry (**C** and **D**). Similar results were obtained in two additional experiments. Data shown are mean±standard deviation (SD). \*p\<0.05, control versus HGF or KGF, \#p\<0.05 STS versus STS+HGF or STS+KGF.](mv-v20-24-f4){#f4}

Downregulation of p27^kip^ during hepatocyte growth factor-- and keratinocyte growth factor--mediated promotion of cell survival
--------------------------------------------------------------------------------------------------------------------------------

We evaluated the effect of HGF and KGF on p27^kip^ expression in conditions that protected epithelial cells from apoptosis. Similar to the effect observed in normal growth conditions, HGF and KGF blocked p27^kip^ expression that was upregulated 10 h after apoptosis was induced ([Figure 4](#f4){ref-type="fig"}). After 24 h, KGF, but not HGF, retained the ability to control the expression of p27^kip^, and its level decreased considerably with KGF, whereas in the presence of HGF, the p27^kip^ level remained elevated. These results indicate that downregulation of p27^kip^ may be important in providing protection against apoptosis and the sustained cell survival property of KGF could be attributed to its capacity to suppress the expression of p27^kip^ for a prolonged period.

PI-3K/Akt-1 and Erk signaling cascades play a vital role in cell survival in many mammalian tissues. Our previous studies demonstrated that HGF and KGF stimulate these signal mediators in epithelial cells. To evaluate the involvement of the PI-3K/Akt-1 and Erk cascades in HGF- and KGF-mediated regulation on p27^kip^, we determined the effect of PI-3K/Akt and Erk inhibition on p27^kip^ expression. Inhibition of PI-3K/Akt activation by LY294002 blocked KGF as well as HGF influence in suppressing p27^kip^ levels. However, Erk inhibition by PD98059 did not significantly alter the effect of KGF or HGF on p27^kip^ ([Figure 5A](#f5){ref-type="fig"}). The basal levels of p27^kip^ were unaffected in the presence of LY294002 or PD98059. Further, to corroborate the activation of Akt-1, we evaluated its phosphorylation status (pAkt formation) in cells stimulated with HGF or KGF for varying times, and the pAkt level was significantly higher up to 60 min of stimulation ([Figure 5C](#f5){ref-type="fig"}). Although the cell survival effect of HGF and KGF and their influence on p27^kip^ expression lasted for several hours, activation of Akt was not observed in cells stimulated for 4 h or more. These results imply that continuous activation of Akt-1 is not required for cell survival or p27^kip^ downregulation promoted by HGF and KGF.

![Phosphatidylinositol 3-kinase (PI-3K)//Akt inhibition suppresses hepatocyte growth factor (HGF)-- and keratinocyte growth factor (KGF)--mediated effect on p27^kip^ expression. Rabbit corneal primary epithelial (RCPE) cell growth cultures at 80%--90% confluence were starved overnight with Dulbecco's Modified Eagle Medium with Ham's F-12 (DMEM/F-12)/0.25% fetal calf serum (FCS) and then pretreated with PI-3K/Akt inhibitor (LY294002, 20 μM) and Erk inhibitor (PD98059, 20 μM) for 30 min before 20 ng/ml HGF) or KGF was added. Cultures were incubated for various time points as indicated, and the levels of (**A**) p27^kip^ and (C) phospho Akt (pAkt) in cellular extracts were determined with western immunoblotting. Densitometric quantification of p27^kip^ levels is presented in **B**. Data shown are mean±standard deviation (SD). p\<0.05, \*HGF versus LY+HGF, \#KGF versus LY+KGF.](mv-v20-24-f5){#f5}

Keratinocyte growth factor-- but not hepatocyte growth factor--mediated influence on apoptosis and cell cycle regulating machinery is sustained
-----------------------------------------------------------------------------------------------------------------------------------------------

Although we found that KGF, but not HGF, produces sustained downregulation of p27^kip^ that could possibly lead to increased cell survival and ell cycle progression, to provide further evidence why KGF is a better protector of apoptosis than HGF and understand the possible mechanistic differences in their action, we evaluated the influence of KGF and HGF on cell survival and cell cycle controlling proteins PARP, p53, and Rb. As shown in [Figure 6](#f6){ref-type="fig"}, 24 h after apoptosis was induced, the presence of KGF prevented the degradation of PARP whereas the presence of HGF did not have a significant effect on blocking PARP degradation. PARP is a DNA-repairing enzyme that prevents DNA damage leading to apoptosis. Inducing apoptosis leads to the activation of caspases that degrade many cellular enzymes and proteins required for cell survival including PARP \[[@r35],[@r36]\]. Further, we assessed the effect of HGF and KGF on the tumor suppressor proteins Rb and p53 that regulate cell cycle and apoptosis. In response to DNA-damaging agents, p53 levels rise, and p53 promotes the activation of many apoptosis-causing genes \[[@r37]\]. We observed an increase in the p53 protein level in cultures in response to the staurosporine treatment. However, in apoptosis cultures in the presence of KGF, we did not find a significant increase in the p53 level when compared to HGF. Rb, which serves as the G1/S cell cycle phase progression restricting protein and promotes cell cycle progression following mitogenic stimulation \[[@r37]\], can also be degraded in response to death stimuli \[[@r38],[@r39]\]. Although Rb levels were stable in normal growth cultures in the presence of HGF and KGF, the degradation of Rb was more pronounced in apoptosis cultures in the presence of HGF compared to KGF. These results suggest that KGF's ability to block the activation of caspases that suppress PARP and Rb degradation and downregulate p53 levels could contribute to KGF's longer-lasting antiapoptosis and proliferative activity.

![Changes in the expression of apoptosis and cell cycle regulating proteins during Staurosporine (STS)-induced apoptosis in the presence of hepatocyte growth factor (HGF) and keratinocyte growth factor (KGF). Rabbit corneal primary epithelial (RCPE) cell cultures in Dulbecco's Modified Eagle Medium with Ham's F-12 (DMEM/F-12)/0.25% fetal calf serum (FCS) were pretreated with 20 ng/ml HGF or (KGF) for 30 min before STS was added. Cultures were further incubated in the presence of STS (10 ng/ml) for 2 h. Then the medium was removed, and fresh medium containing HGF or KGF but no STS was added, and incubation continued for 22 h. Levels of and poly(adenosine diphosphate-ribose) polymerase (PARP), p53, and Rb proteins cellular extracts were determined with western immunoblotting by using antibodies specific for each protein (**A**). Experiments were performed two to three times. Quantification of different proteins is shown in bar diagrams (**B**--**D**). Data shown are mean±standard deviation (SD). \*p\<0.05, control versus STS, \#p\<0.05, STS versus STS+KGF in in (**B**); \*p\<0.05, control versus STS or STS+HGF, \#p\<0.05, STS versus STS+KGF in (**C** and **D**).](mv-v20-24-f6){#f6}

Differential effects hepatocyte growth factor and keratinocyte growth factor on the expression of cyclins and cyclin-dependent kinases
--------------------------------------------------------------------------------------------------------------------------------------

In the normal physiologic state, continuous regeneration and growth of the corneal epithelium depend on a balanced modulation of cell cycle progression and programmed cell death. Since HGF and KGF exhibited differential effects in maintaining the levels of Rb and p53 and cell cycle inhibitor p27^kip^, we investigated their effect on cell cycle promoting proteins, the cyclins and CDKs. As shown in [Figure 7](#f7){ref-type="fig"}, the presence of HGF and KGF resulted in the upregulation of cyclins A, D, and E as well as CDK2 and CDK4 expression. Further, similar to the pattern observed with the control of p21^cip^ and p27^kip^, KGF-dependent regulation of analyzed cyclins and CDKs was also sustained for a prolonged period (24 h) compared to HGF. These results show that in addition to preventing apoptosis, HGF- and KGF-mediated control of the expression of cyclins and CDKs may be important for cell cycle progression and new cell generation.

![Changes in the expression of cell cycle progressing cyclins and cyclin-dependent kinases in the presence of hepatocyte growth factor (HGF) and keratinocyte growth factor (KGF). Rabbit corneal primary epithelial (RCPE) cell growth cultures at 80%--90% confluence were starved overnight with Dulbecco's Modified Eagle Medium with Ham's F-12 (DMEM/F-12)/0.25% fetal calf serum (FCS) and then treated with 20 ng/ml HGF or KGF for 10 h (**A**) or 24 h (**B**). Levels of cyclins A, D, and E, and cyclin-dependent kinase 2 (CDK2) and CDK4 in cellular extracts were determined with western immunoblotting by using polyclonal antibodies specific for each protein. Data presented represent results obtained from two to three similar experiments. Quantification of cell cycle proteins is shown in bar diagrams (**C**). Data shown are mean±standard deviation (SD). \*p\<0.05, control versus HGF or KGF at 10 or 24 h.](mv-v20-24-f7){#f7}

Discussion
==========

Regulation of cell survival and cell cycle is important for the normal physiology of the corneal epithelium and during the healing of epithelial injuries. Although the growth of new cells is accomplished through the control of the cell cycle, their survival is also important for restoring the multilayer organization of the epithelium. In diseases such as diabetes and dry eye condition, the corneal epithelial wound healing process could be delayed as a result of the decreased survival of the cells \[[@r40],[@r41]\]. Cell loss due to apoptosis is also an issue with the corneal epithelium in certain chemical injuries, UVB radiation, and infections \[[@r42]-[@r45]\]. Factors that enhance the survival property provide better protection to corneal epithelial cells as these factors confer resistance to apoptosis. In a previous study, we described HGF's ability to rescue corneal epithelial cells from apoptosis \[[@r32]\]. Here, we have demonstrated that KGF also functions as a cell survival factor. Further, we identified significant differences in their potential to serve as cell survival factors and regulators of cell cycle progression. Controlled expression of the cyclins and CDKs and interactions between specific cyclins and CDKs is necessary for cell cycle progression. The proteins p21^cip^ and p27^kip^ are members of the Cip/Kip family that function as cell cycle inhibitors \[[@r46],[@r47]\]. They suppress the interactions between cyclins and CDKs, and thus cause cell cycle arrest. Progression or arrest of the cell cycle is dictated by the relative levels of various inhibitors, cyclins and CDKs. An increase in the level of p21^cip^ or p27^kip^ results in cell cycle arrest, and mitogens facilitate cell cycle progression by suppressing their expression \[[@r29]-[@r31]\]. Although cell cycle progression is required for proliferation, cell cycle arrest leads to the G~0~ phase where cells undergo differentiation if needed or remain dormant until they receive mitogenic stimuli or are otherwise eliminated by apoptosis. We found an increase in the levels of p53 and p27^kip^ in the environment that caused apoptosis. This rise in p27^kip^ indicates the onset of cell cycle arrest \[[@r48]\] that could make the corneal epithelium more susceptible to apoptosis. Under such conditions, we have also observed an increase in p53 upregulation and DNA degradation. The mitogens HGF or KGF are expected to promote cell division by relieving the hold of inhibitors on cell cycle progression. Under the normal growth environment, we found a significant decrease in the levels of p27^kip^ in corneal epithelial cells in the presence of HGF and KGF. Their ability to influence the regulation of p53 and p27^kip^ level is also evident in the apoptosis environment. The cell survival property identified with HGF or KGF appears related to their capacity to decrease the expression of these key molecules. The greater protection provided by KGF, but not HGF, over a longer period may also be attributed to its relative ability to downregulate p53 and p27^kip^.

HGF and KGF receptor activation leads to the stimulation of PI-3K/Akt and Erk kinase signaling. These signaling mechanisms have been shown to be involved in many physiologic processes such as cell migration, proliferation, and apoptosis. In this study, we established that the PI-3K/Akt signaling cascade controls the expression of p27^kip^. Inhibition of HGF- and KGF-mediated PI-3K activation abrogated the effect of the growth factors on p27^kip^ expression. These results support our view that suppression of p27^kip^ levels may be necessary for cell survival and one of the effects of PI-3K signaling in cell survival is to control the levels of p27^kip^. PI-3K signaling leads to the activation of Akt (pAkt). Phosphorylation of p27^kip^ by pAkt earmarks it for nuclear export and degradation upon ubiquitination \[[@r49]\]. Suppression of apoptosis is associated with stimulation of cell cycle progression caused by a decrease in the expression of the cell cycle inhibitor.

To compensate the cell loss or death in adverse conditions such as epithelial injuries or in disease states, an increase in cell proliferation is necessary. An upturn in cell cycle progression would lead to increased cell division and generation of new cells. We found that the expression of cyclins A, D, and E, and CDK2 and CDK4 is regulated by HGF and KGF in growth cultures ([Figure 6](#f6){ref-type="fig"}). However, KGF influence on increasing their levels was sustained for a longer duration compared to HGF, suggesting that the mitogenic effects of KGF could last longer than those of HGF. Further, we observed a moderate increase in the G~0~-G~1~ /S cell cycle phase progression gatekeeper protein Rb in the presence of KGF. Rb phosphorylation on several sites by cyclin-CDK2/4 following mitogenic stimulation causes the dissociation of the Rb-E2F complex \[[@r37]\]. The release of the E2F transcription factor leads to cell cycle progression. KGF may elicit a stronger effect in Rb phosphorylation due to the sustained expression of the G~0~--G~1~/S phase promoting cyclins (cyclin D and cyclin E) as well as CDKs (CDK4 and CDK2). Further studies are needed to evaluate such possibilities. A decrease in the degradation of Rb in the presence of KGF may also contribute to its growth-promoting ability for a longer period compared to HGF. The long-lasting effects of KGF on cell cycle progression may assume significance and be relevant in stressful cellular environments or in disease states. This view is further supported by the observation of a considerably higher number of normal cells in the presence of KGF than in HGF at 24 h after apoptosis was induced ([Table 1](#t1){ref-type="table"}). In addition, in contrast to p27^kip^, the expression of another cell cycle inhibitor p21^cip^ increased significantly in the presence of HGF and KGF. Further, although the p27^kip^ levels increased during apoptosis, there was a concomitant decrease in p21^cip^ ([Figure 3](#f3){ref-type="fig"}) suggesting that this protein may not work in concert with p27^kip^ to arrest the cell cycle and may not contribute to apoptosis. Under our experimental conditions, p21^cip^ in corneal epithelial cells may aid in G1 cell cycle phase progression. Several reports showed an increase in p21^cip^ expression in the presence of growth factors. The role of p21^cip^ in other cellular processes beyond cell cycle arrest has been investigated in many mammalian systems. Involvement of p21^cip^ in proliferation, cell survival, cell shape, and hypertrophy that occur in response to injury or stress has been reported in several cell types. In myeloid cells, p21^cip^ positively affected proliferation and promoted colony growth \[[@r50]\]. Dupont et al. showed that p21^cip^ functions as a positive effector of insulin-like growth factor 1-induced cell proliferation in human breast cancer cells \[[@r51]\]. Inhibition of p53-induced apoptosis by p21^cip^ has also been reported in vascular smooth muscle cells \[[@r52]\]. It also protected human colorectal cancer cells from apoptosis caused by prostaglandin A2 \[[@r53]\]. Further studies are needed to ascertain the consequences of p21^cip^ upregulation with HGF and KGF in the corneal epithelium.

Although HGF and KGF are ligands for receptor tyrosine kinases and activate similar cellular signal pathways, in this study we found that these growth factors exert differential effects on corneal epithelial cell survival, cell cycle protein expression, and cell growth. The quantitative outcome of cellular processes accomplished by the action of these ligands likely depends on the intensity of signal strength generated by activating the intracellular signaling cascades triggered by them. In that regard, KGF, when compared to HGF evinced a stronger effect in preventing PARP degradation likely due to suppression of caspase activation and downregulation of p53. It is also possible that cross-talk that occurs between multiple signal pathways upon their activation, diverts more of the HGF receptor-generated signals to other cellular mechanisms such as migration, and dilutes the effects of HGF on cell survival and cell cycle control compared to KGF. HGF is also known as a scatter factor due to its role in cell migration in many tissues. Our earlier studies showed that p38 and Erk kinases activated by HGF participate in corneal epithelial cell migration \[[@r54]\].

In conclusion, this study clearly shows similarities as well as differences between HGF- and KGF-mediated effects on cell survival and cell cycle progression in corneal epithelial cells. Regarding rescuing cells from apoptotic insult and increasing the levels of cell cycle controlling proteins for promoting proliferation, HGF is as effective as KGF for a shorter length of time but not for a prolonged period. The long-lasting effect of KGF in cell survival and growth may be attributed to KGF's influence on decreasing the levels of cell cycle inhibitor p27^kip^ and transcription factor p53 and preventing the degradation of PARP and Rb as well as sustaining the expression of cell cycle promoting cyclins and CDKs. In view of the growing interest in cell-type specific treatment methods, this knowledge is important and relevant for the development of new strategies for managing ocular surface injuries. Therapeutic approaches targeting the control of corneal epithelial cell survival and cell cycle machinery through KGF may be worthy of consideration.
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